The reaction center (RC) from Rhodobacter sphaeroides converts light into chemical energy through the reduction and protonation of a bound quinone molecule QB (the secondary quinone electron acceptor). We investigated the proton transfer pathway by measuring the proton-coupled electron transfer, kAB (2) [QA . QB . ؉ H ؉ 3 QA(QBH) ؊ ] in native and mutant RCs in the absence and presence of Cd 2؉ . Previous work has shown that the binding of Cd 2؉ decreases kAB (2) in native RCs Ϸ100-fold. The preceding paper shows that bound Cd 2؉ binds to Asp-H124, His-H126, and His-H128. This region represents the entry point for protons. In this work we investigated the proton transfer pathway connecting the entry point with QB . by searching for mutations that greatly affect kAB (2) (տ10-fold) in the presence of Cd 2؉ , where kAB (2) is limited by the proton transfer rate (kH). Upon mutation of Asp-L210 or Asp-M17 to Asn, kH decreased from Ϸ60 s ؊1 to Ϸ7 s ؊1 , which shows the important role that Asp-L210 and Asp-M17 play in the proton transfer chain. By comparing the rate of proton transfer in the mutants (kH Ϸ 7 s ؊1 ) with that in native RCs in the absence of Cd 2؉ (kH > 10 4 s ؊1 ), we conclude that alternate proton transfer pathways, which have been postulated, are at least 10 3 -fold less effective.
T
he conversion of light into chemical energy in photosynthetic bacteria is initiated within a membrane-bound pigmentprotein complex called the reaction center (RC). The isolated RC from Rhodobacter (Rb.) sphaeroides is composed of three polypeptide subunits (L, M, and H); four bacteriochlorophylls; two bacteriopheophytins; one internally bound nonheme Fe 2ϩ ; and two ubiquinone (UQ 10 ) molecules (reviewed in refs. 1 and 2). Light induces electron transfer from the primary donor (a bacteriochlorophyll dimer) through a series of electron donor and acceptor molecules (a bacteriopheophytin and a quinone molecule Q A ) to a loosely bound secondary quinone Q B . Q B accepts two electrons, sequentially transferred through the electron transfer chain, and two protons, through the proton transfer pathway(s), to form quinol. The first electron transfer to Q B (k AB (1) ) does not involve direct protonation of the quinone (Eq. 1).
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However, the second electron transfer (k AB (2) ) is coupled to the direct protonation of the quinone (Eq. 2). The mechanism of the proton-coupled electron transfer reaction k AB (2) (Eq. 2) was shown to be a two-step process in which fast protonation precedes rate-limiting electron transfer (3) . Subsequent protonation (Eq. 3) leads to the formation of quinol. The quinol, Q B H 2 , serves as a mobile electron and proton carrier (4-6) transferring electrons and protons from the RC to other components of the bioenergetic cycle.
In the RC embedded in the bacterial membrane, the protons, taken up to form quinol at the Q B site, come from the cytoplasm. The pathways for these proton transfer events have been studied in isolated RCs by a number of groups (7) (8) (9) (10) (11) (12) . Large decreases (Ն10 3 -fold) in k AB (2) and͞or the rate of proton uptake in RCs with mutations at Glu-L212, Ser-L223, and Asp-L213, located near Q B . (Յ5 Å), had shown that these amino acid residues are important for the proton transfer reactions (Eqs. 2 and 3) (reviewed in refs. 13 and 14) . The effect of mutations at sites located further from Q B . (Ն10 Å) are much smaller. Because k AB (2) (Eq. 2) is in most mutant RCs not a direct measure of the rate of proton transfer (15) (16) (17) , the observed decrease in k AB (2) does not necessarily represent a reduction in the rate of proton transfer. The lack of identification of a single amino acid that is clearly more important than any other led to the proposal of many possible pathways for proton transfer (7) (8) (9) (10) (11) (12) . Furthermore, the crystal structure revealed that Glu-L212, Asp-L213, and Ser-L223 could be connected to the surface through a number of routes (18) (19) (20) (21) (22) , supporting the idea of several possible proton transfer pathways, each of them having a distinct surface entry point. The recent finding that binding of a single Zn 2ϩ (23, 24) or Cd 2ϩ metal ion to the RC surface (24) slows the rate of proton transfer Ն100-fold shows that there is a unique proton entry point-i.e., that not all possible pathways are equally effective (24) .
An important consequence of the decrease in the rate of proton transfer is a change in the mechanism of the protoncoupled electron transfer k AB (2) . In the presence of a bound metal ion, the first step becomes rate limiting (Eq. 4) (24) .
Abbreviations: D, primary donor; QA, primary quinone electron acceptor; QB, secondary quinone electron acceptor; Q, quinone molecule; Q10, coenzyme Q10 (2,3-dimethoxy-5-methyl-6-decaisoprenyl-1,4-benzoquinone); RC, reaction center; Cyt c, cytochrome c.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. . Thus, measurement of k AB (2) in the presence of a bound M 2ϩ provides us with an assay to determine directly the effect of a mutation on the rate of proton transfer as opposed to inferring it from a change in the observed rate (Eq. 2).
In this study, we investigated the pathway for proton transfer from solution to the bound semiquinone Q B . . We measured k AB (2) in the presence of Cd 2ϩ
, where proton transfer is the rate-limiting step (24) , to determine the effect of a mutation on the rate of proton transfer. We searched for mutant RCs that decreased the rate of proton transfer without affecting other kinetic rates to eliminate mutations that affect the properties (e.g., the redox potential and pK a ) of the proton acceptor Q B H ⅐ . This approach ensures that the mutations affect the proton pathway between the entry point (25) (1) , for the transfer of the first electron to Q B (Eq. 1) was measured by monitoring the bacteriopheophytin bandshift at 750 nm, which is differentially sensitive to the reduction state of the quinones Q A and Q B (27, 29) . To improve the signal-to-noise ratios, 9 to 36 traces were averaged.
The proton-coupled electron transfer k AB (2) (Eq. 2) was determined by monitoring the decay of the semiquinone absorption at 450 nm after a second saturating laser flash in the presence of an external reductant (10 M horse heart Cyt c) (30) . The kinetic decay was fitted to the sum of two exponentials. The observed Cd 2ϩ concentration dependence of k AB (2) was fitted to the kinetic model (Eq. A4) by using ORIGIN 6.0 (Microcal). Table 1 ). The addition of 1 mM Cd 2ϩ produced only small changes in k AD and k BD for native and mutant RCs ( Table 1) .
Results
The First Electron Transfer Rate, kAB (1) . In the absence of CdSO 4 , the transfer rates for the first electron to Q B (k AB (1) , Eq. 1), measured at 750 nm, were reduced Ϸ7-fold in the DN(M17) and DN(L210) compared with native RCs at pH 7.7 (Table 1 ). Upon addition of 1 mM CdSO 4 , k AB (1) was decreased Ϸ10-fold in native RCs, Ϸ3-fold in the DN(M17), and Ϸ6-fold in the DN(L210) RCs (Table 1 ). The observed rate constant was essentially independent of the metal concentration above 10 M.
The Proton-Coupled Electron Transfer Rate, kAB (2) . The rate of transfer of the second electron to Q B (k AB (2) , Eq. 2), after a second saturating laser flash, was measured at 450 nm in native RCs to Errors (statistical) in the rates are estimated to be Ϸ8% for the charge recombination rate constants kAD and k BD and Ϸ15% for the forward electron transfer rate constants kAB (1) and kAB (2) . It should be noted that the forward rate constants are dependent on conditions, such as type and concentration of detergent, and can vary by factors of 2 between different measurement conditions. *Conditions for kinetic measurements as described in the text. The samples labeled ''ϩ Cd 2ϩ '' were measured in the presence of 1 mM CdSO 4. † The observed rate constant was obtained by using a single exponential fit to the data. A better fit can be obtained with a sum of two exponentials (23, 24) , but we opted for the simple analysis, which shows all the salient features of the metal binding.
be 1200 s Ϫ1 at pH 7.7 (Table 1 ). In the DN(M17) and DN(L210) RCs, k AB (2) was decreased Ϸ2-fold (Table 1 ). In addition, k AB (2) in the DN(L210) and DN(M17) mutant RCs displayed the same pH profile as native RCs (9, 10) with a shift of Յ0.5 pH unit to lower pH (data not shown).
The dependence of k AB (2) on the driving force for electron transfer was measured as described by Graige et al. (3) , by replacing the native Q 10 in the Q A site with a series of naphthoquinones. As previously observed in native RCs, k AB (2) in the mutant RCs was also dependent on the driving force for electron transfer (data not shown).
Upon addition of low concentrations of CdSO 4 (Յ5 M), a fraction of the sample exhibited a slower rate. From the concentration dependence of this fraction, we determined a dissociation constant (K d ) of 3.1 Ϯ 0.6 M and 1.2 Ϯ 0.5 M for the DN(M17) and DN(L210) RCs, respectively (Table 2) ; K d for native RCs was previously determined to be Ϸ0.3 M (24).
Upon addition of 10 M CdSO 4 , k AB (2) became essentially monophasic with rate constants of 60 s Ϫ1 in native RCs (data not shown) and Ϸ100 s Ϫ1 in DN(M17) and in DN(L210) RCs (Fig.  1) . Upon further addition of CdSO 4 , k AB (2) did not change in native RCs but decreased to a limiting rate of Ϸ7 s Ϫ1 above 1 mM Cd 2ϩ in DN(M17) and in DN(L210) RCs (Fig. 2) . The limiting value for k AB (2) was the same for both mutants, being Ϸ10-fold smaller than in native RCs (Fig. 3) .
Discussion
In this study, we investigated the pathway for proton transfer from solution to the bound semiquinone Q B
. , where proton transfer is the rate-limiting step (24) , was decreased significantly (Ռ10-fold). This occurred in two mutant RCs, DN(L210) and DN(M17). The effect of these mutations on the conformationally gated step of the first electron transfer, k AB (1) (Eq. 1), on the protonation step (2) (0), and kon. (2) as a function of CdSO4 concentration for native (F), and mutant DN(M17) (s) and DN(L210) (E) RCs. In native RCs, kAB (2) is independent of CdSO4 concentration above 10 M. In mutant RCs, kAB (2) displays a sigmoidal dependence on CdSO4 concentration. The solid curve represents a theoretical fit using the kinetic model described by Eq. 5 (see also Eq. A4 of Appendix) with the parameters shown in Table 2 . The drastic difference in behavior between native and mutant RCs is because of the lack of competition of k off with kAB (2) (Cd 2ϩ ) in native RCs (see Discussion). Conditions: same as in Fig. 1.   Fig. 3 . The absorbance decay of the semiquinones at 450 nm as a function of time in native and the mutant DN(M17) and DN(L210) RCs in the presence of 1 mM CdSO 4. This represents the rate of proton transfer in RCs with a bound Cd 2ϩ metal ion. Note that kAB (2) is decreased Ϸ10-fold in the mutant RCs compared with native RCs. The observed decay rate for the two mutant RCs is the same within experimental error. Conditions: same as in Fig. 1 .
of the proton-coupled second electron transfer, k AB (2) (Eqs. 2 and 4), and the implications of these results for the identification of the proton transfer pathways are discussed below.
Effect of the DN(L210) and DN(M17) Mutations and of Cd 2؉ on the

Conformationally Gated
Step of kAB (1) . The rate of the first electron transfer reaction k AB (1) (Eq. 1) was reduced Ϸ8-fold in the DN(L210) and DN(M17) mutant RCs (Table 1 ) compared with the native rate. Upon addition of Cd 2ϩ , k AB (1) was decreased Ϸ10-fold in native RCs (20, 21) , Ϸ3-fold in the DN(M17) RCs, and Ϸ6-fold in the DN(L210) RCs compared with their respective rate in the absence of Cd 2ϩ (Table 1) . Thus, mutant RCs with bound Cd 2ϩ have a smaller k AB (1) than their native counterpart.
The reaction mechanism of k AB (1) in isolated RCs involves a slow rate-limiting gating step, which involves the movement of Q B (20) before electron transfer (31, 32) . Thus, the decreased rate observed in the mutant RCs and upon binding Cd 2ϩ implies a slowing of the conformationally gated step (23, 24) . The effects of the mutation and the binding of Cd 2ϩ produce similar effects on k AB (1) . Because the mutations and the binding of Cd 2ϩ both result in a local charge change, the decrease in k AB (1) is attributed to a change in the electrostatic environment (more positive) near the mutation and Cd 2ϩ binding sites. The further reduction in k AB (1) , produced by the binding of Cd 2ϩ
to the mutant RCs, shows that the effects of the two changes in the electrostatic potential are partially additive.
A possible candidate for the involvement in the gating process is Glu-H173. It is located near the mutation sites (Ϸ4-5 Å) and becomes more disordered when Q B is reduced, indicating its sensitivity to nearby charges (20) . In the presence of Cd 2ϩ (or Zn 2ϩ ) it becomes well resolved in the crystal structure (25) , indicating a reduction in its dynamic mobility, which may account for the reduction in k AB (1) . Thus, the mobility of Glu-H173 may be an important factor in determining the rate of the conformationally gated step, by affecting, for instance, the displacement of water molecules (19) (20) (21) or proton uptake and͞or redistribution (33) (34) (35) (36) (37) (38) . (2) in the Absence of Cd 2؉ . In the absence of Cd 2ϩ , k AB (2) (Eq. 2) decreased only Ϸ2-fold in both mutant RCs compared with native RCs (see Table 1 ). The pH dependence of k AB (2) in the mutant RCs displayed a small pH shift of Յ0.5 pH unit toward lower pH values. The mechanism of k AB (2) , determined from the dependence of k AB (2) on the driving force for electron transfer (3), was found to be the same as in native RCs-i.e., electron transfer was the rate-limiting step. The similar values and behavior of k AB (2) in the native and mutant RCs shows that (i) neither mutation introduces significant changes that affect the redox potential or pK a of Q B H ⅐ and (ii) electron transfer remains the rate-limiting step in the mutant RCs. Consequently, because k AB (2) is a measure of the electron transfer rate, we cannot assess the effect of the mutation on proton transfer. Indeed, as we shall show in the next section, proton transfer in the mutant RCs in the presence of Cd 2ϩ is reduced Ϸ10-fold (see Table 2 ) and is expected to be similarly slowed in the absence of Cd 2ϩ .
Effect of the DN(L210) and DN(M17) Mutations on kAB
Effect of Cd 2؉ on kAB (2) in Native and Mutant RCs. The binding of Cd 2ϩ affects k AB (2) in native and mutant RCs in drastically different ways. Fig. 2 shows the slow component of k AB (2) , which monitors the decay of the semiquinone state with a bound metal ion, (Q A . Q B . )---Cd 2ϩ
. In native RCs, equimolar concentrations of Cd 2ϩ decrease k AB (2) Ϸ20-fold without further changes with increasing Cd 2ϩ concentration. This observation shows that there is a single binding site for Cd 2ϩ , in agreement with the x-ray crystal structure (25) .
In the mutant RCs, there is a pronounced dependence of k AB (2) on Cd 2ϩ concentration ( Figs. 1 and 2) . At the concentration of Cd 2ϩ (1 mM) above which no further changes in k AB (2) occur, k AB (2) was decreased Ϸ10-fold compared with native RCs (Fig. 3) . † Because in RCs with a bound Cd 2ϩ , k AB (2) is a measure of proton transfer (24) , this large decrease of k AB (2) in the mutant RCs points to the important role of Asp-L210 and Asp-M17 in the proton transfer.
To gain further insight into the binding and proton transfer rates, we analyzed the Cd 2ϩ concentration dependence of the slow component of k AB (2) using the kinetic scheme given by Eq. 5.
where the upper states represent RCs with a bound Cd 2ϩ (left) and unbound Cd 2ϩ (right). The proton-coupled electron transfer rate proceeds with a bound Cd 2ϩ at a rate k AB (2) (Cd 2ϩ ) (Eq. 4) and without a bound Cd 2ϩ at a rate k AB (2) (0) (Eq. 2). The upper bound and unbound states equilibrate with a dissociation con-
). Therefore, at low Cd . Q B . ) state. Because k off Ͻ k AB (2) (0), the rate-limiting step for this decay is k off , which is independent of Cd 2ϩ concentration. It is responsible for the flat region of the slow phase of k AB (2) at low Cd 2ϩ concentration (Fig. 2) . Thus, the intercept of the ordinate corresponds to k off . As the Cd (Fig. 2) . In native RCs, the more negative potential due to the Asp residues increases k AB (2) (Cd 2ϩ ) and decreases k off with respect to the mutant RCs such that k AB (2) (Cd
does not decay via the (Q A . Q B . ) state and no concentration dependence is observed (Fig. 2) . The qualitative considerations discussed above are borne out by the exact mathematical solution of Eq. 5 presented in the Appendix (Eq. A4). The parameters used to fit the experimental results are summarized in Table 2 .
Proton Transfer Pathway to the QB Site. We have previously shown (25) that the binding of Cd 2ϩ to the surface accessible region on † At 1 mM Cd 2ϩ , kAB (2) was decreased in several other mutant RCs (e.g., Glu-H173 3 Gln, Asn-M44 3 Asp) (data not shown). However, in contrast to the DN(L210) and DN(M17) mutant RCs, the observed decrease was no greater than the change in other kinetic rates, indicating possible changes in the protein interaction with QB . . Thus, the observed change in kAB (2) in these mutant RCs might not be caused by alteration of the proton transfer pathway. 
4) (24)
. This result establishes the location of the entry point of the protons. In this work we address the question of the proton transfer pathway connecting the entry point with the Q B . site.
The x-ray crystal structure of the RC shows that the two residues Asp-L210 and Asp-M17 are located in the intervening region between the bound Cd 2ϩ and Q B . (Fig. 4) (25) . These residues are, therefore, logical candidates as members of the chain of residues and water molecules that constitute the proton transfer pathway. To test their involvement in proton transfer, we replaced the protonatable Asp residues with Asn and measured the effect of the mutations on the proton-coupled electron transfer rate, k AB (2) . Of particular interest is the value of k AB (2) in the presence of Cd 2ϩ , because in this system (unlike RCs devoid of Cd 2ϩ ), k AB (2) is a measure of the rate-limiting proton transfer step (24) . We found that in both mutants k AB (2) (Cd 2ϩ ) Х 10 s
Ϫ1
, which is close to an order of magnitude smaller than in native RCs ( Table 1) . The simplest explanation of these results is that the removal of a negative charge in the Asp-M17͞Asp-L210 region introduces a barrier for proton transfer, ‡ rendering the direct pathway between the Cd 2ϩ binding region and Q B . ineffective, thereby allowing an alternate pathway to take over. §
The maximum rate of this alternate pathway, which does not involve Asp-L210 or Asp-M17, such as P1 (11) (Fig. 4) (13, 14) .
The greater rate of proton transfer (Ն10 3 -fold) through the pathways near Asp-L210 and Asp-M17 shows that the activation barrier for proton transfer is smaller than for the other possible pathways, such as P1 and P2 (see, e.g., refs. 21 and 24). This smaller activation energy could be a consequence of the relatively short length of the pathway and the high density of carboxylic acid groups (Asp-L210, Asp-M17, and Asp-L213), which electrostatically stabilize the proton in the interior of the protein (see, e.g., ref. 41 ). The involvement of carboxylic acid groups in proton conduction has also been suggested in several other membrane-bound proteins. These include bacteriorhodopsin (reviewed in refs. 42 and 43), terminal oxidases (reviewed in refs. 44 and 45) , lactose permease (reviewed in ref. 46) , and the ubiquinol:Cyt c oxidoreductases (47) (48) (49) . Thus, the involvement of carboxylic acid residues may represent a general strategy used to lower the activation energy to facilitate fast proton conduction through proteins.
Appendix
To obtain the kinetic parameters of Eq. 5 we rewrite it in the form: 
[A2] ‡ We exclude the possibility that the effects are due to a change in the properties of the proton acceptor QB . , which could also reduce the rate of proton transfer (39, 40 ). This conclusion is based on the similarity of the charge recombination rates kAD, kBD, and kAB (2) in the absence of Cd 2ϩ between the native and mutant RCs (Table 1) . § An alternate explanation can, at present, not be excluded. A mutation at one Asp eliminates the pathway involving the mutated residue, but allows proton transfer through the pathway involving the second (unchanged) Asp (Fig. 4) , albeit at a diminished rate. The fact that both mutations result in the same transfer rates makes this explanation unlikely. This point can be settled by constructing a double mutant in which both Asp-L210 and Asp-M17 are changed to Asn. [A1]
We are interested in the slow component of the decay of the semiquinones-i.e., the decay of [A---Cd [A3]
where a ϭ {k 1 , b ϭ k 1 ϩ k off , and c ϭ k 2 ϩ k on [Cd 2ϩ ]. For our situation, k 2 Ͼ k 1 , k off (see Tables 1 and 2 ). This makes the first term in Eq. A3 the dominant term and the observed rate constant is k obs ϭ 0.5͑b ϩ c Ϫ a͒
[A4]
We fitted the observed Cd 2ϩ concentration dependence for the two mutants with Eq. A4 by leaving k 1 , k 2 , k off , and k on as free parameters subject to the constraint K d ϭ k off ͞k on , where K d is the measured dissociation constant ( Table 2) . The values of the intrinsic rate constants are summarized in Table 2 .
